PL-TR-97-2077

DEVELOPMENT OF DISCRIMINATION, DETECTION,

AND LOCATION CAPABILITIES IN CENTRAL AND

SOUTHERN ASIA USING MIDDLE-PERIOD SURFACE
WAVES RECORDED BY A REGIONAL ARRAY

Anatoli L. Levshin
Michael H. Ritzwoller

University of Colorado
Department of Physics
Campus Box 583
Boulder, CO 80309-0583

10 June 1997

Final Report
15 June 1995 -14 June 1997

approved for public release; distribution unlimited

3

A s

ir‘“r Ly LN T e
RN Y Q:‘A‘!&;\_R_Ql‘é ;}. [ e

AT SN B

PHILLIPS LABORATORY
Directorate of Geophysics

AIR FORCE MATERIEL COMMAND
HANSCOM AFB, MA 01731-3010

19970818 063




SPONSORED BY
Air Force Technical Applications Center
Directorate of Nuclear Treaty Monitoring
Project Authorization T/5101

MONITORED BY
Phillips Laboratory
CONTRACT No. F19628-95-C-0099

The views and conclusions contained in this document are those of the authors and
should not be interpreted as representing the official policies, either express or implied, of
the Air Force or U.S. Government.

This technical report has been reviewed and is approved for publication.

DAVID A. HARDY

Director
Space Effects Division Space Effects Division

This report has been reviewed by the ESD Public Affairs Office (PA) and is releasable to
the National Technical Information Service (NTIS).

Qualified requestors may obtain copies from the Defense Technical Information Center.
All others should apply to the National Technical Information Service.

If your address has changed, or you wish to be removed from the mailing list, or if the
addressee is no longer employed by your organization, please notify PL/IM, 29 Randolph
Road, Hanscom AFB, MA 01731-3010. This will assist us in maintaining a current
mailing list.

Do not return copies of this report unless contractual obligations or notices on a specific
document requires that it be returned.




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this cotlection of information s esumated to average @ hour oer r2sporse, inctuding the ume for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed. and completing and reviewing the coliecton of information. Send comments regarding this burden estimate or any Other aspect of this
Zollection of information, 1nciuding suggestions for reducing this burden. to Nashington Headquarters Services, Directorate for information Operations and Reports. 1215 sefferson
Davis Highway, Suite 1204, Arfington, VA 22202-4302, and to the Office of Management and 8udget, Paperwork Reduction Project (0704-0188), Washington, OC 20503.

1. AGENCY USE ONLY (Leave blank) ]2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
6/10/97 FINAL REPORT 06/15/95 - 06/14/97

a. TITLE AND SUBTITLE Development of Discrimination, Detection, 5. FUNDING NUMBERS

and Location Capabilities in Central and Southern Asia F19628-95-C-0099

Using Middle-Period Surface Waves Recorded by a Regional PE35999F

Array PR5101 TAGM

6. AUTHOR(S) WU AJ

Anatoli L. Levshin
Michael H. Ritzwoller

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Colorado _ REPORT NUMBER
Department of Physics 1534715 - 06/10/97

Campus Box 390
Boulder, CO 80309

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
s AGENCY REPORT NUMBER
Phillips Laboratory
29 Randolph Road PL-TR-97-2077
Hanscom AFB, MA 01731-3010
Contract Manager: James Battis/GPE

11. SUPPLEMENTARY NOTES

12a3. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release: Distribution unlimited

13. ABSTRACT (Maximum 200 words) This report presents the results of a study of the dispersion
characteristics of intermediate period broadband fundamental surface waves propagating across Central Asia,
Western China, and parts of the Middle East. We present group velocity maps from 10 s to 40 s period for both
Rayleigh and Love waves. Broadband waveform data from about 600 events from 1988 - 1995 recorded at 83
individual stations from several global and regional networks (MEDNET, KNET, KAZNET) have produced about
9,000 paths for which individual dispersion curves have been estimated. These data break into two sets of measure-
ments: those from about 400 large (M > 5.0) earthquakes from around the continent recorded on both global and
regional networks and those from about 200 additional smaller (M < 5.0) events recorded regionally at KNET and
KAZNET. The combination of measurements on these two spatial scales helps to optimize path coverage and
azimuthal distribution which together determine resolution. This study displays denser and more uniform data
coverage and demonstrates higher resolution (~ 4°) than previous studies that have been performed on this scale and
at these periods. The group velocity maps display the signatures of known geological and tectonic features never
before revealed in surface wave studies on this scale, and provide a significant improvement in fit to the observed
dispersion curves. These maps should prove useful to predict group travel times for the identification and extraction
of surface wave packets, and to construct more accurate and detailed regional models of the lithosphere.

1Y

14. SUBJECT TERMS 15. NUMBER OF PAGES
Surface Waves Central Asia Tomography Crustal Structure 28
Regional Seismic Arrays 16. PRICE CODE
17 SECURITY CLASSIFICATION ] 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION [20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT SA
- » - - R
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev 2-89)

Prescribed by ANSI Std 239-°8
298-102




Contents

A DSEEACE ceeeeeeeeeersssccsosssecssssssssssssessssessssassosassesssssessosssssssanssssss 1
1. INEEOQUCHION. cecveeceerneecessseesssesecsssseecssssesssssssesssssssesssaseassnssssss 2

2. Data, Measurement, and Surface Wave Tomography...3

3. Resolution ANalYsiS...ccccucccernncececscssssccsssranecsscssnssassenassesees 9

4. Group Velocity Maps.......ccecccceeecssssenrecsnseccssnsenssnnsencscsnase 23

5. DISCUSSION....ccureeseeenesesasssssssssocsssessssssssssssssssssssssssssssssssses 33
5.1 Qualitative Interpretation of the Group Velocity

IMLAPS.cuueeeessecsscssssnsssaencscsessssssssssnnanasssssssssssssnsascsssassaseass 33

5.2 Comparison with the Model CRUST-5.1/S16B30...36

5.3 MISEit...ccceerecnnecececsssssseansssacsssssssssnnsssessssssssssssssssssssasses 39

6. CONCIUSIONS....cceeeeeireeeeeeeeeernsessesssssesssssssssssosssssssssssssassssasasss 40

7. Recommendations.......ccccceeeeecceiceeesesseesesssosesssssssssssssssssssses 42

RefEIEIICES. cccceeeeersrscnnsersessssssessosssassescssesssssssssssssssssssssssassses 44

iii




Abstract

This report presents the results of a study of the dispersion characteristics of intermediate
period fundamental surface waves propagating across Central Asia, Western China, and
parts of the Middle East. We present group velocity maps from 10 s to 40 s period for
both Rayleigh and Love waves. Broadband waveform data from about 600 events from
1988 - 1995 recorded at 83 stations from ‘global’ (GDSN, IRIS/GSN, GEOSCOPE, CDSN)
and ‘regional’ networks (MEDNET, KNET, KAZNET) have produced about 9,000 paths
for which individual dispersion curves have been estimated. These data break into two
sets of measurements: those from about 400 large (M, > 5.0) earthquakes from around the
continent recorded on both global and regional networks and those from about 200 additional
smaller (M, < 5.0) events recorded regionally at KNET and KAZNET. The combination
of measurements on these two spatial scales helps to optimize path coverage and azimuthal
distribution which together determine resolution. The regional, small event data allow the
period range of the estimated group velocity maps to be reduced. The tomographic method
of Yanovskaya and Ditmar is used to estimate group velocity maps separately for each period
and wave type (Rayleigh or Love). Resolution is estimated from ‘checker-board’ tests and
we show that resolutions across most of the studied region are about 4°-5° at 20 s and above,
but degrade at shorter periods. Resolution is far from uniform spatially, and is generally
worst in Western and Southern Iran and in India. Many known geological and tectonic
structures are observed in the group velocity maps. Of particular note are the signatures
of sedimentary basins, continental platforms and shields, and crustal thickness variations
due to mountain roots and deformation resulting from continental collisions. Comparison
of the estimated group velocity maps with those predicted by the hybrid model CRUST-
5.1/S16B30 is qualitatively very good, but, because of the coarseness of its grid, CRUST-5.1
misses some of the smaller sedimentary basins (e.g., Tarim Basin, Tadzhyk Depression) and
the geometry of crustal thickening in Central Asia cannot be well represented by any gridded

5° model.

All data (dispersion measurements, group velocity maps) and preliminary shear velocity
models are made available to the seismological community via our Eurasian Tomography
Web Site at:

http://tagg.colorado.edu/geophysics/eurasia.dir/eurasia.html




1. Introduction

This report presents the results of a study of intermediate period (10 - 40 s) Rayleigh and
Love wave dispersion across Central Asia, Western China, and regions of the Middle East.
The studied region encompasses latitudes from 20°N to 50°N and longitudes from 45°E
to 105°E and the focus of this report is on the estimation, presentation, evaluation, and

interpretation of group velocity maps.

There are two main motivations for this study. First, accurate high resolution interme-
diate period group velocity maps are useful in monitoring clandestine nuclear tests. These
maps guide the identification and extraction of surface waveforms which emanate from small
seismic events. The estimation of surface wave magnitude, M;, near 20 s period is thereby
facilitated for use as part of, for example, the M : m; method of discriminating underground
explosions from naturally occurring earthquakes (e.g., Stevens and Day, 1985). In addition,
the existence of group velocity maps below 20 s period should allow for the development
of a regional surface wave magnitude scale based on a shorter reference period so that the
discriminant could be applied to smaller earthquakes and explosions. Second, regional inter-
mediate period dispersion maps provide new constraints on the shear velocity structure of
the crust and on crustal thickness. As Das and Nolet (1995) point out, since surface wave
sensitivities compress into the crust at the short period end of our study, group velocity maps
below 25 s period are particularly important to help resolve Moho depth from the average

shear velocity of the lower crust in seismic inversions.

In a recent study (Ritzwoller and Levshin, 1997), we presented Rayleigh and Love wave
group velocity maps on a larger spatial scale (all of Eurasia) and for a broader period band
(20 - 200 s) than considered here. There have also been other studies on larger scales and
at longer periods that have produced dispersion maps (usually phase velocities) across the
studied region; e.g., Feng and Teng (1983), Montagner and Tanimoto (1991); Trampert
and Woodhouse (1995), Laske and Masters (1996), Zhang (1996), Ekstrom et al. (1997),
and Curtis and Snieder (1997). In the current report, we discuss early attempts to provide
improved resolutions on a regional scale and to extend the group velocity images to shorter

periods. The success of these attempts depends on several factors:

e the use of data from regional networks and arrays in addition to global seismic network

data;




e the use of data from events which are smaller in magnitude than those used on a
continental scale, (i.e., M; < 5.0);
e the combination of measurements made on paths that propagate continental-wide with

those made on paths confined to the region of study.

Toward these ends, we have processed data from two networks in Kirghistan and Kaza-
khstan, KNET (Pavlis et al., 1994; Vernon, 1994) and KAZNET (Kim et al., 1995), following
about 200 events with M, < 5.0 which occurred largely within the studied region. These
data are used in concert with measurements on records from stations distributed continent-
wide which follow about 400 larger earthquakes dispersed around the continent, most with
M, > 5.5. The use of these ‘short-path’ measurements is mostly intended to help reduce
the period range of the study, but also helps to improve resolution in the studied region.
The combination of these measurements with ‘long-path’ measurements helps to improve
the homogeneity of ray path coverage and to provide crossing paths, both of which improve

resolution and work to reduce sensitivity to event mislocation.

The outline of the report is as follows. Section 2 presents a brief discussion of the data
used in the study, the method of measurement used to produce the estimated group velocity
curves, and the tomographic method used to translate the measured group velocity curves
into group velocity maps at each period and for each wave type (Rayleigh or Love). These
issues are discussed in greater detail by Ritzwoller and Levshin (1997). Section 3 presents a
discussion of the resolution expected in the estimated group velocity maps. A sampling of
the estimated group velocity maps is presented in Section 4 and they are discussed in Section
5. In particular, the discussion cbncentrates on comparing the estimated maps with group
velocity maps predicted from the hybrid model composed of the crustal model CRUST-5.1
of Mooney et al. (1996) together with the mantle model S16B30 of Masters et al. (1996). A
brief discussion of the geological features observed on the estimated group velocity maps is

included here, and is discussed in more detail by Ritzwoller and Levshin (1997).

2. Data, Measurement, and Surface Wave Tomography

The data and the methods used to make the dispersion measurements, to estimate mea-

surement uncertainties, and to translate the measurements into group velocity maps are




discussed in detail in Ritzwoller and Levshin (1997). A brief overview follows.

Data have been accumulated across Eurasia from the GDSN, GSN, CDSN, GEOSCOPE,
MEDNET, KNET, and KAZNET seismic networks. Group travel time, phase travel time,
and spectral amplitude measurements are obtained by use of an interactive Frequency-Time
ANalysis (FTAN) method (e.g., Levshin et al., 1972; Russell et al., 1988; Levshin et al., 1992;
Ritzwoller et al., 1995). Group velocity and phase velocity are computed from the distance
between the receiver and the CMT location (Dziewonski et al., 1981) when it exists, or the
PDE location otherwise. As part of FTAN, an analyst interactively designs a group velocity -
period filter to reduce contamination from other waves and coda, chooses the frequency band
for each measurement, and assigns a qualitative grade (A - F) to each measurement. Data
from approximately 600 events across Eurasia, most with M; > 5.0, have been processed in
this way to yield more than 9,000 measured Rayleigh wave dispersion curves and more than
7,600 Love wave dispersion curves across the continent. These numbers include data from
about 200 smaller events (4.0 < M, < 5.0) which occurred mostly in the studied region and
which were processed only at KNET and KAZNET. The locations of stations and events

used are shown in Figure 1.

The resulting data set exhibits considerable redundancy, which allows for consistency
tests, outlier rejection, and the estimation of measurement uncertainties. The use of broad-
band regional network data, such as those from KNET or KAZNET, are particularly useful
for this purpose. Figure 2a shows two record sections, one for a large event in the Kurile Is-
lands observed at GSN and CDSN stations and the other for a much smaller event in Western
China observed at KNET. Measurements from similar paths are ‘clustered’ and compared.
Paths are considered ‘similar’ if their starting and ending points both lie within 2% of the
path length from one another. For example, for an event ~1850 km from KNET, like the
Qinghai event of Figure 2a, measurements are clustered if stations lie within ~40 km of each
other. Typically, measurements from two to three stations within KNET cluster for such
short paths, but more stations within KNET cluster for longer paths. Measurements made
at KAZNET are less likely to cluster since the network covers a larger area. About one-third
of all measurements form part of some cluster. If a measurement at a specified period and
wave type results from a cluster, the uncertainty assigned to it is the standard deviation of

the measurements that form that cluster (at that period and wave type). For measurements
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the region of study are shown.
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have been low pass filtered with a lower corner of 20 s period. Ray paths
are inset. (Bottom) Record section of KNET vertical waveforms for an
intermediate sized event in Qinghai, China (1/27/94; Ms = 4.8)




that are not part of some cluster, the average of the standard deviations at that period and
wave type taken over all clusters is assigned. Average measurement uncertainties estimated
in this way are displayed if Figure 2b. They are about 0.04 km/s at 20 s period and above,

but are much larger at shorter periods.

The algorithm of Ditmar and Yanovskaya (1987) and Yanovskaya and Ditmar (1990) is
used to construct the group velocity maps. (See also Levshin et al., 1989, Ch. 6.) This
method estimates a group velocity map U(6, ¢) at each period and wave type by attempting

to minimize the following penalty function:

N
Slwst — &P+ [[[VU(6,9)PdA, (1

=1

where

= [ U6, 6)ds. (2)

(3

Here, p; represents the ¢-th wave path. w; is the weight associated with the i-th path,
w; = v/m(g;/0;), where m is the number of raw measurements that compose the cluster that
produced this measurement, o; is the uncertainty determined from the cluster analysis for
measurement z, and g; is a weight which depends on the qualitative grade assigned to the
measurement by the analyst (A-1.0, B-0.75, C-0.4, D-0.2, E-0.0, F-0.0). ¢ and " are
the observed and the predicted group travel times along the i-th path and S is the region
on which the inversion is performed. Choosing different values of the trade-off parameter,
A, changes the trade-off between the fit to the data and the ‘smoothness’ of the resulting
group velocity map. ‘Smooth’ here is defined in terms of the spatial gradient of the model.
The trade-off parameter is chosen by analyzing misfit and the visual characteristics of the
resulting maps. Typically, A is chosen to produce a slightly underdamped map and, since
the penalty function in equation (1) does not include a second-spatial gradient term, each
map is smoothed a posteriori with a Gaussian spatial-smoothing filter whose width derives
from the resolution analysis (described in Section 3). In practice, we apply a smoothing
filter whose full width at e™! of its maximum height is one-half the estimated resolution.
Both the resolution analysis and inversion take place separately for each period and wave
type. In equation (2), we assume that each wave path, p;, is along the great-circle linking
the source and receiver and no group time perturbation is introduced by a source group time
shift (e.g., Knopoff and Schwab, 1968; Levshin et al., 1997). This algorithm is discussed
more thoroughly by Ritzwoller and Levshin (1997). .
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3. Resolution Analysis

The resolution of the data set depends strongly on geographical location, period, and
wave type. Experience shows that all three of the following are required to produce a
resolution of 5° or less: high path density, good azimuthal coverage, and a significant number
of paths shorter than ~30°. In this section, we present the results of a standard ‘checker-
board’ resolution analysis and show that, on average, resolution across much of the studied
region is about 4°-5° at periods of 20 s and above. However, resolution degrades sharply below
20 s period. We argue here that the reason for this degradation is that most measurements
below 20 s period are from paths entirely contained within the studied region. Figure 3
shows histograms depicting the number of paths as a function of path length, period, and
wave type. The shortage of paths that either originate or end outside of the studied region
severely limits azimuthal coverage which reduces the accuracy and resolution of the group
velocity maps below 20 s period. For this reason, the quality of the group velocity maps
shown in Section 4 is highly variable. In interpreting the estimated group velocity maps it

is important to refer to the resolution analyses presented in this section.

Examples of path density are shown in Figures 4a and 4b where we plot the number
of paths that intersect each square two° cell (~50,000 km?). Path densities are highest in
the interior of the studied region, usually maximizing near KNET, and decrease toward the
south at all periods and towards the north below 20 s period. Below about 20 s period,
most of the measurements are for paths entirely withing the region of study, as Table 1
indicates. For example, for the 15 s Rayleigh wave there are 756 paths through the region
of study and 510 of these are contained entirely within this region. However, for the 30
s Rayleigh wave, there are 2684 measurements through the region, of which only 469 are
from paths contained entirely within the studied region. Thus, at periods below 20 s, path
distribution is dominated by station and event distribution within the studied region and is,
therefore, less homogeneous than the distribution of paths at longer periods. For example,
at 10 s and 15 s period, there are few paths constraining India, Central China, the Persian
Gulf region, or the Caspian region. In addition, the azimuthal distribution of paths below
20 s period is less complete than at longer periods. Below 20 s period, path distribution is
dominated by measurements made at KNET from events in Western China (to the southeast

of KNET) and in Southern Iran (to the southwest of KNET). This produces the characteristic




Table 1. Path Information about Measurements

Rayleigh Waves Love Waves
period | within region'  touching region®  total | within region® touching region? total
10 s 416 438 448 254 276 287
15s 510 756 1091 369 526 794
20 s 523 1420 2068 375 1029 1882
25 s 494 2168 4249 378 1718 3182
30 s 469 2684 5116 370 2292 4181
40 s 359 2898 5349 294 2529 4590

1 - number of paths which are entirely contained within the studied region
2 - number of paths which at least touch the studied region
3 - total number of paths across Eurasia, including those that do not touch the studied region

Table 2a. Resolution Analysis at 20 s Period: Percentage of Cells
in Each Resolution Category (All Paths)

Rayleigh Wave

Love Wave

not resolved mnearly resolved resolved

cell size | not resolved  nearly resolved  resolved

3° cells 35% 26% 39% 44% 21% 35%
5° cells 12% 4% 84% 16% 15% 69%
7.5° cells 0% 3% 97% 6% 0% 94%
10° cells 0% 0% 100% 0% 4% 96%

Table 2b. Resolution Analysis at 20 s Period: Percentage of Cells
in Each Resolution Category (Paths Within Region)

Rayleigh Wave

Love Wave

not resolved mnearly resolved resolved

cell size | not resolved  nearly resolved  resolved

3° cells 7% 12% 11% 85% 10% 5%

5° cells 65% 9% 26% 68% 12% 20%

7.5° cells 53% 17% 30% 58% 17% 25%

10° cells 36% 18% 46% 36% 18% 46%
10
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Rayleigh Waves

0 5 15 40 75 150 766

Figure 4a. Path density for Rayleigh waves at the six indicated periods. Path
density is defined as the number of rays intersecting a 2 degree
square cell (~50,000 sq. km).
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Love Waves
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Figure 4b. Same as Figure 4a, but for Love waves at the indicated periods.
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northwest-southeast and southwest-northeast stripes that appear on the plots of path density
and resolution at short periods. At 20 s period and above, measurements from the paths
that begin or end outside of the studied region come into play, as Figure 3 shows, and this

Improve coverage appreciably.

To estimate resolution we perform a standard ‘checker-board’ test. Each model is divided
into cells of equal area with each cell possessing a velocity perturbation of +10% of the
average across each map. Travel time perturbations are accumulated along the great circle
linking each source and receiver. We estimate resolution as a function of wave type and
period by computing synthetic travel times through the checker-board model for exactly the
paths that have emerged from the cluster analysis and then inverting these synthetic data
using the same weighting and damping used in the group velocity tomography described in

Section 2.

Checker-board plots at the resolutions of this study (3° - 5°) are difficult to interpret
since the cells are very small. To simplify interpretation, we assign a ‘Resolution Index’, R;,

to each cell:

R, = —max (in percent). (3)

Yinput
Here, vmax is the estimated velocity perturbation whose absolute value is maximum in the
cell and Vinput 18 the input velocity perturbation in the same cell (£10%). Perfect resolution
would result in R; = 100%, poor resolution results in R; < 30%. The resolution index can
be less than zero if the sign of vmax is opposite from the input value of the cell or greater

than 100% if the estimated magnitude is higher than the input value.

In Figures 5 - 7, we plot resolution indices for a variety of cell sizes, periods and wave
types. A cell is considered resolved if R; > 50% in which case then the cell is shaded light
grey. The regions with poorer resolutions are indicated by the darker cells. In Figures 5a
and 5b, resolution index is plotted for the 20 s Rayleigh and Love waves for a variety of cell
sizes ranging from 3° to 10°. In general, Rayleigh wave resolution is better than Love wave
resolution. We say that the region of study has a given resolution if more than 50% of the
cells in that region are resolved. As Table 2a indicates, more than 50% of the 5° cells are
resolved for both the Rayleigh and Love waves at 20 s period if all the data are used, and we

claim a resolution of 5° for both Rayleigh and Love waves at 20 s period. Resolution is worst
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Figure 5a. Plots of resolution index (R, eqgn. (3)), for the 20 sRayleigh wave for
four cells sizes: 3°, 5°, 7.5°,and 10°. Three grey-scale values are presented,

the lightest indicates what we consider to be good resolution, increasingly
dark cells reveal poorer resolutions.
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Figure 5b. Same as Figure 5a, except for Love waves at 20 s period.
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at 20 s period in Northern India, parts of Pakistan, Northwestern Iran and the Southern
Caspian, parts of the Persian Gulf, and the Arabian Sea. These are the regions most poorly

resolved at all periods, consistent with the observations of path distribution discussed above.

Resolution is worsened considerably if only paths from within the studied region are used,
as Figures 6a and 6b show. A comparison of Figures 5 and 6 demonstrates the importance of
using group velocity measurements from paths that originate or terminate outside the studied
region. The use of such paths improves the homogeneity of path distribution and azimuthal
coverage, and, hence, improves resolution. Table 2b indicates that if only short-path data

are used, 50% of the cells are not resolved even for 10° cells.

Figures 7a and 7b show the resolution index plots for 5° cells at periods of 10's, 155, 30 s
and 40 s for Rayleigh and Love waves, respectively. The northwest-southeast and northeast-
southwest striping that appears in the path density maps also is apparent in the resolution
maps at 10 s for both Rayleigh and Love waves and for the 15 s Love wave. The cell size at

which at least 50% of the studied region appears resolved is plotted in Figure 8.

An assumption at the heart of all resolution analyses is that the resolution and accuracy
of the estimated dispersion maps are dominated by known quantities that can be simulated
in the resolution analysis: e.g., measurement uncertainties, path coverage, and damping
used in the inversion. However, theoretical errors, which may be of unknown magnitude,
also affect resolution. Such errors include event mislocation, azimuthal anisotropy, off-great-
circle propagation, and source group time shifts. Ritzwoller and Levshin (1997) and Levshin
et al. (1997) argue that these phenomena should not produce errors larger than those
reported in the resolution analysis across the studied region at the periods considered in this
study. In particular, they point out that the use of measurements from paths that begin
and/or end outside the studied region reduces sensitivity to event mislocations in the region
of study. This is vet another reason why regional tomographic studies are best performed as a
focused part of a larger scale study. For these reasons, we believe that the resolution analyses
accurately represent uncertainties in the estimated group velocity maps. That is, on averge,
theoretical errors should not produce amplitude biases larger than 50% and geographical

biases greater than the stated resolution.
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20 s Rayleigh Wave

paths within region

7.5° cell

150

0

-150 3 50
Resolution Index (%)

Figure 6a. Same as Figure 5a, except only paths entirely contained within the
studied region are used. There are 523 such measurements for the 20 s
Rayleigh wave, compared to a total of 1420 measurements if paths that
originate and/or terminate outside the studied region are also used.
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20 s Love Wave
paths within region

7.5° cell

-150 0

Figure 6b. Same as Figure 6a, except for Love waves.
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Figure 7a. Resolution index (R, eqn.(3)) plotted for Rayleigh waves
at the indicated periods for 5° cells.
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Figure 7b. Same as Figure 7a, but for Love waves at the indicated periods.
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Estimated average resolution across the region of study. The value
of resolution is chosen such that most (i.e., > 50%) of the studied
region appears to be resolved in ‘Resolution index’ plots, such as
those shown in Figures 5 and 7.

Certain regions may display better or worse resolutions than indica-
ted here depending on if the path density and/or azimuthal coverage
of the measurements that constrain the region are better or worse
than average.
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4. Group Velocity Maps

Using the tomographic method described in Section 2, we construct group velocity maps,
which are smoothed using the estimated average resolution presented in Figure 8, for Rayleigh
and Love waves at the following periods: 10, 15, 20, 25, 30, 40 s. Group velocity curves that
represent the average of the group velocity maps across the studied region (latitude bounds:
20°N - 50°N; longitude bounds: 45°E - 105°E) for Rayleigh and Love waves are plotted
in Figure 9. Comparison is made with the group velocity curves predicted from PREM
(Dziewonski and Anderson, 1981) and the average of a hybrid aspherical model of the crust
(CRUST-5.1: Mooney et al., 1996) and mantle (S16B30: Masters et al., 1996) across the

studied region.

A sampling of the estimated group velocity maps is presented in Figures 10 and 11.
These maps represent lateral group velocity variations relative to the regional average shown
in Figure 9. In Figure 10, 20 s Rayleigh and Love wave group velocity maps are shown which
have been constructed with data from paths entirely contained within the studied region. In
Figures 11a - 11f, group velocity maps from 10 - 40 s period are shown for both Rayleigh
and Love waves using all data that cross the studied region. A comparison of Figure 10 with
Figures 11b and 11le for the 20 s Rayleigh and Love waves indicates what was also apparent
from the resolution analyses shown in Figures 5 and 6 using these two different data sets.
Much more accurate and more highly resolved group velocity maps are produced if short
path data from within the region of study are combined with longer path data that originate

and/or terminate outside the studied region.

Figure 12 shows the fit to the measured dispersion curves delivered by the estimated
group velocity maps expressed as two different measures of misfit. The first is variance
reduction relative to PREM:

¥ (U — UPret)?

S0~ Up)? @)

Variance Reduction =1 —

where 4 is the path index, U™ is the predicted group velocity for path i through the
estimated group velocity map shown in Figure 11, U?* is the measured group velocity for

path ¢, and Uj is the reference group velocity from PREM. The second measure of misfit is
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Figure 9. Average group velocity curves across the region of study (latitude: 20N - 50N,
longitude: 45 - 110E) for our estimated group velocity maps (CU: solid lines),
PREM (PREM: long dashed line), and the group velocity maps predicted by a
model composed of the crustal model CRUST-5.1 and the mantle model
S16B30 (CRUST-5.1/S16B30: short dashed line). Rayleigh waves are the
thick lines, Love waves are the thin lines.
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20 s Rayleigh Wave

dU/U (%)
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Figure 10. Group velocity maps for the 20s Rayleigh and Love waves constructed
using measurements from paths entirely contained within the region of

study.
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10 s Rayleigh Wave
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Figure 11a. Estimated group velocity maps for the 10 s and 15 s Rayleigh waves.
(All paths are used.)
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20 s Rayleigh Wave
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Figure 11b. Same as Figure 11a, but for the 20 s and 25 s Rayleigh waves.
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30 s Rayleigh Wave

dU/U (%)
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Figure 11c. Same as Figure 11a, but for the 30 s and 40 s Rayleigh waves.
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10 s Love Wave
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Figure 11d. Same as Figure 11a, but for the 10 s and 15 s Love waves.
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Figure 11e. Same as Figure 11a, but for the 20 s and 25 s Love waves.

30




30 s Love Wave
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Figure 11f. Same as Figure 11a, but for the 30 s and 40 s Love waves.
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Figure 12. Two measures of misfit to our group velocity measurements
for Rayleigh (solid lines) and Love (dashed lines) waves for
two different sets of group velocity maps. Thick lines are for
our group velocity maps and thin lines are for the group velocity
maps predicted by the model composed of the crustal model
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velocity misfit [eqn. (5)].
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rms group velocity residual:
1/2
RMS Velocity Misfit = < Z(U"”S Urred) ) : (5)

where N is the number of measurements. For each measure of misfit, comparison is made
between the estimated group velocity maps and those predicted by the hybrid model CRUST-
5.1/S16B30.

5. Discussion

There have been numerous studies of surface wave dispersion across the studied region within
the past 20 years (e.g., Chen and Molnar, 1975; Knopoff and Fouda, 1975; Bird and Tok-
soz, 1977; Chun and Yoshii, 1977; Patton, 1980; Pines et al., 1980; Knopoff and Chang,
1981; Wier, 1982; Romanowicz, 1982; Feng et al., 1983; Jobert et al., 1985; Brandon and
Romanowicz, 1986; Lyon-Caen, 1986; Kozhevnikov and Barmin, 1989; Bourjot and Ro-
manowicz, 1992; Kozhevnikov et al., 1992; Levshin et al., 1992; Wu and Levshin, 1994;
Levshin et al., 1994; Levshin and Ritzwoller, 1995; Curtis and Woodhouse, 1996; Ritzwoller
et al., 1996b; Zhang, 1996, Griot et al., 1997). Most of these studies have been concentrated
on Tibet and have been non-tomographic, multi-station or multi-event phase velocity stud-
ies. None of the studies other than our own have resulted in group velocity maps at periods

as short as those presented here.

5.1. Qualitative Interpretation of the Group Velocity Maps

Ritzwoller and Levshin (1997) discuss the interpretation of group velocity maps in some
detail. However, a number of the features in the group velocity maps shown in Figures 11a -
11f are worthy of further note here. A discussion of the interpretation of these maps should
be predicated upon the results of the resolution analysis found in Figures 7a and 7b. These
analyses indicate that the 10 s maps are suspect throughout much of the studied region.
Indeed, an inspection of the maps in Figures 11a and 11d reveals that very few features have
been resolved successfully. The smearing of low and high velocity features toward the edge of
the maps is a result of the smoothing in the tomographic inversion. There is very little path

coverage near the boundaries of the maps at 10 s period. These maps gives us optimism for
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the possibility of the construction of more uniformly accurate and higher resolution maps at
10 s period, but should not yet be interpreted seriously across most of the studied region.
At 15 s and above, however, the group velocity signatures of many crustal features begin to

emerge clearly, consistent with the results from the resolution analyses.

At the short period end of the study (15 - 25 s), the group velocity maps show the
imprint of sedimentary basins and continental platforms and shields. That is, the group
velocity maps are dominantly sensitive to shear velocities in the upper crust which are,
of course, very slow in sedimentary basins and fast in shield or platform regions. As an
example, consider the 20 s Rayleigh and Love wave maps in Figures 11b and 1le. The 20
s Love wave samples somewhat shallower than the Rayleigh wave at the same period. This
provides greater sensitivity to sedimentary features, but at this period their sensitivities in
continental regions are not substantially different and the maps are seen to be quite similar.
Low velocity features are all associated with known sedimentary basins. These include the
Tarim Basin, the Ganges Fan and Delta, the Northern and Southern Caspian Depressions, the
Persian Gulf, the Tadzhyk Depression (north of Afghanistan and Northern Iran), and a basin
associated with the Indus River in Southern Pakistan. These basins provide a characteristic
signature on all of the group velocity maps ijom 15 s - 25 s period. The discrepancies in these
features between periods and wave types are attributable to differences in path coverage. For
example, the Southern Caspian Depression is not resolved on the 20 s Love wave map but
it is on the 20 s Rayleigh wave map. Inspection of the resolution analysis in Figure 5b
reveals that the Southern Caspian is not well resolved by the 20 s Love wave and, hence,
we have greater confidence in the Rayleigh wave map at this period. Discrepancies such as
these should be used to guide future research. Concentrated efforts need to be expended to
improve the short period Love wave maps in the Southern Caspian region, as in all regions
believed to suffer from relatively poor resolution. High velocity features exist in Central Iran
(Iranian Plateau), in Kazakhstan (Kazakh Platform), India (Indian Shield), and Eastern
Tibet. A small tongue of high group velocities extends south from the Kazakh Platform
to the Pamir (near the Western syntaxis of the Indian-Eurasian plate boundary), which are

known to be characterized by very high velocities near the surface.

At the long period end of this study, the group velocities are dominantly sensitive to

crustal thickness. This is particularly true for the Rayleigh waves that sample deeper at
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each period than the Love waves. Thick crust causes low group velocities. As an example,
consider the 40 s Rayleigh and Love wave maps in Figures 11c and 11f. By 40 s period,
both types of waves possess considerable sensitivity to Moho depth, although the Love wave
continues to have substantial sensitivity to upper crustal and sedimentary velocities. The
effects of crustal thickness on the estimated group velocity maps are most striking under
Tibet where the Moho extends to depths greater than 70 km. Low velocity anomalies are
associated with Tibet, the Pamir and the Hindu Kush, the Altai Range in Mongolia, and
the Zagros Mountains in Western Iran. The 40 s Love wave map continues to be imprinted
with low velocities associated with the deepest basins; e.g., the Tarim, the Caspian, and the

Ganges.

In summary, a qualitative inspection of the group velocity maps in Figures 1la - 11f

reveals that:

the observed group velocity features are repeatable in that similar features are observed

at different periods and wave types which sample the Earth similarly;

e these repeatable features are qualitatively understandable in terms of known geological
and tectonic structures, particularly sedimentary basins, continental platforms and

shields, and crustal thicknesses;

e discrepancies that exist between the maps are understandable in terms of differences

in path coverage;

e the features observed on the group velocity maps at 20 s period differ substantially
from those observed at 40 s period since different crustal structures dominate the maps

at these two periods.

The final comment indicates that it would be a mistake to use group velocity maps con-
structed around 40 s period and attempt to extrapolate them for use at much shorter peri-
ods. This is particularly true in Central Asia which is characterized by extremely thick crust

and deep sedimentary basins.
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5.2. Comparison with the Model CRUST-5.1/S16B30

In comparing the observed maps with predictions from CRUST-5.1/516B30 several
comments are in order. First, CRUST-5.1 is principally a v, model in which the v, variations
have been approximated by use of a realistic Poisson’s Ratio, and much of the crust in the
studied region is relatively unconstrained by seismological data at the disposal of Mooney et
al.. Second, CRUST-5.1 is defined on a 5 degree grid in which velocities are assumed constant
within each cell. A number of discrepancies between the observed and predicted maps
result from differences in resolution. Finally, only the crustal part of CRUST-5.1/S16B30
appreciably affects group velocities across the continental parts of the studied region. Thus,

we are only testing CRUST-5.1 at the periods of this study.

Figures 13a and 13b present group velocity maps predicted from the model CRUST-
5.1/S16B30 at 20 s and 40 s period. Since CRUST-5.1 is defined on a 5° grid, group velocity
maps are characterized by square blocks possessing approximately constant velocities. The
imprint of sedimentary depressions in CRUST-5.1 is clearly present on the 20 s maps. In par-
ticular, the Northern and Southern Caspian Depressions, the Persian Gulf, and the Ganges
Fan and Delta are apparent and are particularly strong for the Love wave. At 40 s, the sig-
nature of crustal thickness emerges, with Tibet most strongly imprinting the 40 s Rayleigh
wave map. These predictions are qualitatively in good agreement with many aspects of the
observed maps in Figures 11b, 11c¢, 11e, and 11f. There are the following discrepancies, how-
ever. (1) CRUST-5.1 misses some of the smaller sedimentary depressions such as the Tarim
Basin and the Tadzhyk Depression. (2) Predicted group velocity anomalies caused by sedi-
mentary basins are typically too low and continue on maps to longer periods than observed.
This indicates that the sedimentary velocities in deep basins may be too slow in the model.
(3) CRUST-5.1 also misses some of the smaller mountain ranges such as the Zagros and the
Altai Ranges which are clearly observed in the 40 s Rayleigh wave map. (4) The geometry
of crustal thickening associated with Tibet, the Himalaya, the Pamir, the Hindu Kush, the
Tien Shan, and the Altai Ranges cannot be well represented by a 5° gridded model.
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Figure 13a. Group velocity maps across the region of study for the 20 s Rayleigh
and Love waves predicted by the model CRUST-5.1/S16B30.
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Figure 13b. Same as Figure 13a, but for the 40 s Rayleigh and Love waves.
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5.3. Misfit

As discussed directly above, the group velocity maps predicted by CRUST-5.1 are quali-
tatively in good agreement with the observed maps. However, sedimentary velocities appear
to be too low in CRUST-5.1 and there are significant features observed which are smaller in
scale than those representable by a 5° gridded model. The question we ask here is, what is
the effect of these observed differences on the fit to the group velocity observations? This
question is addressed by Figure 13 which presents the variance reduction and rms group
velocity misfit between the observed group velocity curves and those predicted by our maps
and the group velocity maps predicted by CRUST-5.1/S16B30. These measures of misfit are

applied to all measurements whose paths at least touch the studied region.

Variance reductions to the observed group velocity measurements provided by CRUST-
5.1/S16B30 are large and positive for Rayleigh waves at 15 s and above and for Love waves at
20 s and above. Indeed, variance reductions are in excess of 80% for Rayleigh waves between
20 and 40 s period and for Love waves between 25 and 40 s. The degradation in misfit of
CRUST-5.1/S16B30 at shorter periods is partially due to the fact that several sedimentary
basins are missing in the model, as discussed above. As discussed further below, however,
measurement uncertainties and off-pure-path propagation also increase at short periods and
these factors contribute to increase the misfit of both the observed and the model group
velocity maps below 25 s period. The slight degradation in variance reduction for the 40
s Rayleigh wave is due to errors in crustal thickness in CRUST-5.1. This is more clearly
observed as a substantial increase in rms-misfit for the 40 s Rayleigh wave. The variance
reduction degrades more subtly than the rms-misfit since signal levels due to crustal thickness

variations increase along with the misfit.

Problems in CRUST-5.1 associated with modeling sedimentary basins and crustal thick-
nesses strongly imprint the data in this period range. Thus, the observed maps fit the group
velocity measurements substantially better than the predictions from CRUST-5.1/S16B30,
particularly for Love waves below 20 s period due to their very strong sensitivity to sed-
imentary basins and for Rayleigh waves at 40 s period due to their sensitivity to crustal
thickness. Variance reductions of the observed maps relative to PREM are in excess of 90%
at 20 s and longer periods for Rayleigh waves and at 25 s and higher for Love waves. At 25

s and beyond, the rms-misfits for Rayleigh and Love waves are nearly equal and lie between
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0.06 - 0.07 km/s, on average about one-half of the misfit of CRUST-5.1/S16B30. Below 20
s period misfit rises rapidly, but remains about one-half that of CRUST-5.1/S16B30. This
rise is caused by two factors. First, measurements are harder to make accurately below 20 s
period due to scattering. The analyst has a harder time constructing a frequency-time filter
which reliably separates directly arriving surface waves from coda. Comparison of Figures
2b and 13 indicates that misfit is about twice the estimated standard deviation indepen-
dent of period. Thus, about one-half of misfit results from observational errors. Second,
off-pure-path propagation becomes extremely important in this period range (e.g., Levshin

et al., 1994). This phenomenon and event mislocation are the likely causes of the remainder

of misfit.

These observations allow us to conclude that the observed maps should prove superior
in predicting group arrival times and should prove useful in calibrating crustal models such
as CRUST-5.1. However, improvements at periods below 20 s period are still needed. In
particular, the incorporation of off-pure-path propagation at these periods may be necessary
to provide better fits to the data. In addition, the resolution analyses indicate that there are

parts of the studied region which remain poorly constrained at all periods.

6. Conclusions

We have reported the results of a systematic study of intermediate period (10 s - 40 s)
Rayleigh and Love wave dispersion across Central Asia, Western China, and parts of the
Middle East. There are three main reasons why we believe that this study represents a
significant improvement in the understanding of intermediate period surface wave dispersion
across the studied region. The first has to do with the data used. This study displays denser
and more uniform data coverage and demonstrates higher resolution than previous studies
that have been performed on this scale and at these periods. Second, the group velocity
maps display the signatures of known geological and tectonic features never before revealed
in surface wave studies on this scale. In particular, these maps are providing entirely new
constraints on sedimentary basins and crustal thicknesses. This both lends credence to the
maps and spurs interest in their use to infer information about the features that are observed.
Finally, the group velocity maps provide a significant improvement in fit to the observed

dispersion curves. For these reasons we believe that the group velocity maps presented here
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should prove useful to predict group travel times for the identification and extraction of
surface wave packets, to calibrate existing crustal models such as CRUST-5.1, and as data

in inversions for crustal models (e.g., Ritzwoller et al., 1996a).

There are several keys elements to estimating group velocity maps at these periods.
First, regional earthquakes need to occur and there must be broadband instrumentation
in the region of study. Second, dispersion measurements must be performed carefully to
separate the first arrival from coda and other interfering waves. Third, data from smaller
earthquakes than those normally studied on continental or global scales need to be processed
(ie., M; < 5.0). Finally, the regional measurements should be combined with measurements
made on a larger spatial scale. The inclusion of measurements on paths that propagate more
broadly across Eurasia provides greater homogeneity of coverage and azimuthal distribution

across the studied region and appreciably improves resolution and accuracy.

The methods described here can continue to be applied across the studied region and more
generally across Eurasia to new and accumulating data in order to improve resolution and
reliability further. In fact, this study is far from complete even across the studied region. For
example, we have only analyzed data from small events (M, < 5.0) at KNET and KAZNET.
The analysis of data from GSN, CDSN, GEOSCOPE, and PASSCAL installations across
the studied region could improve path coverage substantially, particularly below 20 s period
where the path coverage is most inhomogeneous. Substantial improvements can still be
achieved in the most poorly resolved parts of the studied region; e.g., Northwestern Iran,
India, etc.. The methods can also be applied successfully to other areas across Eurasia and
to selected regions on other continents. In particular, improvements in instrumentation in
the Middle East (e.g., Vernon et al., 1996) and the Far East identify regions of promise for

future application of these methods.

There remain several shortcomings with the methodology of this study that point the
way for future technical enhancements. Most significantly, the use of phase information
would help provide tighter constraints on crustal structures. In addition, off-great-circle
propagation is significant at the periods studied here. Modeling it by ray tracing through
phase velocity maps and potentially using polarization information are also obvious directions

for the future.
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7. Recommendations

We have presented in this report the results of a study of the dispersion characteristics of
intermediate period fundamental surface waves propagating across Central Asia, Western
China, and parts of the Middle East. This study displays denser and more uniform data
coverage and demonstrates higher resolution (~ 4°) than previous studies that have been
performed on this scale and at these periods. The main outcome of this study are the group
velocity maps from 10 s to 40 s period for both Rayleigh and Love waves and the resolution
analyses that aim to guide the use of these maps. These group velocity maps display the
signatures of known geological and tectonic features never before revealed in surface wave
studies on this scale, and provide a significant improvement in fit to the observed dispersion
curves. Still, the achieved resolution is not uniform across the region of study, and may be
significantly improved by acquiring and processing additional data from global and regional

networks, as well as temporary PASSCAL deployments.

High resolution group velocity maps of this kind are needed to improve the ability to
detect surface wave packets with periods at and less than 20 s, to make accurate spectral
amplitude measurements on the extracted wave forms, and, thereby, to apply the classical
M; : my discriminant, or other discriminants based in part on surface wave amplitudes, to
small regional events. More accurate crustal shear velocity models obtained as a result of
the inversion of such maps should help to develop improved methods of location and depth
estimation, to improve understanding of surface wave wave propagation across the region of
study, and to permit more accurate synthetic wavefield simulations. To meet these goals, we

make the following recommendations.

e The use of estimated maps in developing matched filter techniques to detect and extract
surface wave signals at and below 20 s period generated by relatively weak shallow

events inside the studied region.

e The more general application of the methodology developed in our research to the de-
tailed study of intermediate period surface wave propagation in strategically important
seismically active regions across Eurasia - in particular the Middle East, Central and
Southern Asia, and the Far East. High resolution group velocity maps, such as those

we present here centered on Central Asia, can and should be constructed in the Middle
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and Far East and significant improvements in Central Asia remain possible.

e The construction of more accurate crustal and lithospheric shear velocity models using

the estimated (and continually improving) group velocity maps.
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